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INTRODUCTION
The beneficial effect of platinum on the capability of NiAl coatings to form a protective alumina scale at high temperature has been reported in many papers [1] [2] [3] [4] [5] [6] [7] [8] [9] . According to the literature, the improvement of the oxidation performance of ß-NiAl coatings through Ptadditions is mainly achieved due to the enhancement of the alumina scale adherence to the substrate [3, 4] and to the ability of the alloy to selectively form a pure Al 2 O 3 scale even after oxide scale failure during high temperature exposure [5] . The mechanism whereby Pt additions allow such an improvement of oxidation performance is however still not well understood.
Many possibilities such as the decrease of growth stresses in the oxide layer, the anchoring of the alumina scale by the formation of oxide pegs, the augmentation of the Al-diffusivity [5] [6] [7] have been suggested but have not been unanimously accepted. Moreover there is a lack of data concerning the influence of the Pt-concentration on the oxidation behaviour of the coatings. It has been shown that a minimum Pt-content in the coating should be necessary to ensure the beneficial effects of Pt [10] . Unfortunately, very little data is available in the literature to determine this value which is critical for the development of new coatings with improved oxidation and thermomechanical fatigue life (TMF). Indeed, as it has been shown that mechanical performance is strongly linked to chemical composition [6, 9] , it appears that the optimisation of the coating chemical composition is not only a key issue in the improvement of the oxidation resistance but also in TMF performance. Thus, efforts to determine the influence of the Pt-content within NiAl coatings were started.
Five Pt-modified coatings with different chemical compositions were tested under isothermal and thermocyclic conditions. The investigations were also focused on the influence of the Alconcentration and of the coating microstructure with regard to the cyclic oxidation resistance.
EXPERIMENTAL

Materials
The substrate material used to deposit the coatings was the PWA 1484 single-crystal Ni-base superalloy provided by MTU Aero Engines (see the chemical composition in table 1). Button samples (18 mm diameter and 5 mm thickness) were coated with one two-phase ß-(Ni,Pt)Al/PtAl 2 coating and four single-phase ß-(Ni,Pt)Al coatings, produced by MTU Aero
Engines and SIFCO Turbine Components. The coatings were deposited using standard industrial routes: platinum electrolytic deposition, aluminising and a subsequent heat treatment at high temperature. In order to obtain the desired coating composition and microstructure, the thickness of the Pt-layer and the parameters of the aluminising process (pack activity, temperature, time) as well as of the heat treatment had to be adjusted. The influence of the parameters on the composition/structure of the coatings has already been reported elsewhere [11] . A standard Al-diffusion coating without Pt-additions was used as reference. 
Tab
Thermocyclic experiments
Prior to exposure the specimens were degreased through an ultrasonic bath using methanol for a period of 15 minutes. After being dried in hot air, the specimens were immediately introduced in the experimental rig. The samples were placed on a fixed mullite sample-holder.
A tubular furnace guided on tracks is moved over the sample holder during the heating period.
For cooling the furnace is moved away within 2 min. A thermocouple of type S was used to periodically calibrate the working zone temperature of the furnace during the tests. The accuracy of the temperature was maintained within 1150 ± 8 °C. In order to ensure the measurement of the total mass change of the samples including spalled flakes, each sample was introduced into an individual Al 2 O 3 crucible. The mass change of the crucible containing the specimen was recorded separately from that of the specimen. All measurements were repeated three times.
Cyclic oxidation tests were performed at 1150 °C in laboratory air. Each cycle consisted of 1h at 1150 °C, 44min at ambient temperature and 16min reheating (Fig. 1) . The sample temperature reached during cooling was about 70 °C. The temperature profile was measured by a thermocouple in close contact with the tested specimens.
Isothermal experiments were performed in a muffle furnace. The specimens were inserted into the hot furnace and were subjected to air cooling after exposure. The experiments were done at temperatures of 1050, 1100, 1150 and 1200 °C for 1500h interrupted after 50, 250 and
Microscopy, microanalysis and X-ray diffraction
After completion of the tests, the specimens were Ni-plated, embedded, ground and polished to a 1µm finish for optical microscopy, SEM (Philips equipped with an EDS analysis system) and EPMA (Cameca SX-50) investigations. For etching a solution consisting of H 2 O + 40 ml HCl + 100 ml HNO was used.
RESULTS AND DISCUSSION
2.1. Specimens in the as-received conditions 2.1.1. Microstructure
Coating 1
Coating 1 was a 63 µm thick coating exhibiting 3 different zones ( Coating 5
Coating 5 had a microstructure composed of fine grains (<5 µm) quite similar to those of coating 3. However, a significant density of alloying element precipitates particularly rich in W, Ta and Cr was present in the main coating. The coating surface was rough and porous. It was also possible to observe the presence of the fine alloying element precipitates on the surface.
Chemical composition
The concentration profiles shown in found in the ß-phase), the solubility of the refractory elements in the ß-(Ni,Pt)Al phase could be assumed to be negligible. However, some RE could be detected within precipitates. As expected, the concentration of the heavy alloying elements significantly increased in the interdiffusion zone.
Cyclic oxidation tests
The results of the weight change measurements are shown as a function of the number of cycles in Fig. 7 . Based on the curves, the coatings could be merged into two groups: SEM investigations of the coating surfaces confirmed that the oxide scales formed on coatings 1, 2, 3 and 4 were exclusively composed of alumina. However, different kinds of oxide scale structures could be evidenced. In fact, coating 1 (Fig. 8 a) revealed a scale consisting of Al 2 O 3 platelets growing at the grain boundaries of the ß-(Ni,Pt)Al grains. On the contrary, coatings 2, 3 and 4 developed typical ridged structures as a result of Al-outward diffusion [12] . As shown in Fig. 8 It was found that the occurrence of rumpling is connected with phase transformations within the coating. This mechanism was proposed by Tolpygo [15] . The continued depletion of Al leads to a β -γ' and finally to a γ' -γ transformation as shown in Fig. 11 .
The micrographs show that rumple formation starts along with the appearance of the γ'-Ni 3 Al-phase, probably due to Al-depletion following alumina formation on the coating surface. The surface deformation proceeds with growing rumple amplitude as β -γ' transformation occurs also in the inner regions of the coating. Calculations of the volume change during phase transformation revealed that during β -γ' transformation a higher volume contraction has to be expected than during γ' -γ transformation. Consequently the surface rumpling tends to disappear when the β -γ' transformation is completed as shown in the lower micrographs of Fig. 11 .
In order to establish a better understanding of the parameters influencing the cyclic oxidation resistance, the effect of the coating composition has been considered. The Pt-and Alconcentrations were correlated with the coating lifetime as shown in Fig. 12 . It may be concluded, that the Al-content is not relevant for the coating lifetime in this Al-concentration range since coating 4 with a low Al-content could outperform coating 5 with a significantly higher Al-content while both coatings having a similar Pt-content. However, to obtain extended coating lifetimes a minimum Pt-content of about 3 at.-% seems to be necessary if the performance of coatings 1, 2 and 3 is analysed
Isothermal oxidation tests
Isothermal exposure was done with the PtAl-coatings 1 and 2 at temperatures of 1050, 1100, 1150 and 1200 °C up to 1500h interrupted after 50, 250 and 750 h for examination of the specimens. Compared to the thermocyclic experiments overall quite similar coating lifetimes and surface degradation modes were found. The specific morphology of the coatings leads to different oxidation behaviour at 1050 and 1100 °C. Micrographs for the two-phase coating (coating 1) and the single-phased coating 2 are depicted in Fig. 12 . The two-phase morphology of coating 1 has disappeared after 50 h. Alloying elements were found to diffuse outward after 250 h and the onset of β -γ' transformation was present after 1500 h. On the contrary the single phased coating 2 showed after 1500 h no changes of the morphology. The same findings were made for the experiments at 1100 °C.
At 1150 and 1200 °C, however, the behaviour of both coatings tends to become similar. Phase transformations were present also within coating 2 as shown in Fig. 13 . At the same time extensive surface rumpling could be observed. The different behaviour between both coatings may be attributed to the variation of the microstructure. The very fine-grained morphology of coating 1 (see fig. 2 ) allows quite rapid interdiffusion leading to the dissolution of the ζ-PtAl 2 -phase and the outward diffusion of alloying elements and eventually to the onset of the β -γ' transformation due to Al-depletion. On the contrary the very large grains of coating 2 (see fig. 3 ) facilitate prolonged stability of the β-phase due to a considerable reduction of diffusion paths. The behaviour of both coatings becomes similar with increasing temperatures where bulk diffusion is more pronounced.
CONCLUSION
Thermocyclic and isothermal exposure was performed for Pt-modified Al-diffusion coatings on a Ni-base superalloy. The investigations led to the conclusion that a significant improvement of coating lifetime compared to simple Al-diffusion coatings can be possible if the average Pt-content within the coating exceeds a minimum value of about 3 at.-%.
The main degradation mechanism for Pt-Al-coatings with Pt-contents in excess of 3 at.-% was identified as inward diffusion of Al leading eventually to β -γ' -γ phase transformation.
Obviously Pt can not act as diffusion barrier. As Al-depletion proceeds the formation of fast growing oxides of alloying elements within the originally pure α-alumina oxide layer leads to break-away oxidation and extensive spallation.
On the contrary on simple Al-diffusion coatings and coatings with minor Pt-additions spallation is observed very early resulting in lower lifetimes. 
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